In this study, the potential of Fourier transform infrared (FTIR) spectroscopy for assessing putative biochemical and structural differences between the two variants, rough (R) and smooth (S), of Lactobacillus farciminis CNCM-I-3699, a pleomorphic strain, was investigated. The main differences observed were localized in the polysaccharide (1200-900 cm −1 ) and protein (1700-1500 cm −1 ) regions. Based on spectral information in these two spectral ranges, clustering resulted in a dendrogram that showed a clear discrimination between both morphotypes. Significant increases in favor of morphotype S compared to R at specific wavenumbers for polysaccharides (22.18% vs. 5.24% at 1068 cm −1 ) and capsular polysaccharides (16% vs. 13.17% at 1048 cm −1 ) were recorded. Compared to S, the morphotype R exhibits a 1.27-fold higher signal at the wavenumber of 1637 cm −1 assigned to the amide I β-sheet and a 2.71-fold higher signal at the wavenumber of 1513 cm −1 assigned to the tyrosine involved in the β-sheet arrangement of proteins. The FTIR analysis is efficient to separate and give data on mainly surface component differences observed previously between S colony morphotype (ropy and exopolysaccharide positive) and the R colony morphotype (non-ropy but highly autoaggregative).
INTRODUCTION
Lactobacillus farciminis CNCM-I-3699 is a probiotic strain (Bernardeau, Vernoux and Gueguen 2001a,b; Bernardeau et al., 2009; Tareb et al. 2013) commercialized by Dupont-Danisco for animal nutrition as a feed additive for piglets (European Commission 2008) . This strain exhibits interesting pleomorphic properties (Tareb et al. 2015a ) that are linked to colonial heterogeneity. Two distinct colony variants (rough and smooth) have been isolated and characterized: the R morphotype was highly autoaggregative with a naked surface while the S morphotype was moist, ropy and creamy with a high amount of surface exopolysaccharides (EPS) which reduced its autoaggregative behaviour compared to R (Tareb et al. 2015a) . In fact, pleomorphism of colonies reflects the differential expression of components mainly into the bacterial cell surface and also leads to variable functional ability (Monk et al. 2004; Horn et al. 2013) . The vast diversity in microbial surface structure and microbial properties has been investigated using a range of approaches including microscopy, microbiology, immunology and molecular biology (Schär-Zammaretti and Ubbink 2003) . Since the 1990s, Fourier transform infrared (FTIR) spectroscopy has been extensively used to identify and classify micro-organisms Naumann, Helm and Labishinski 1991) . This physical method reflects the proportion of different components (proteins, lipids, carbohydrates and minerals) in the cell which varies according to the nature of the micro-organisms (Naumann et al. 1982; Naumann 2001) . It has been demonstrated that each bacterial strain exhibits a strain-specific spectrum (Amiel et al. 2000 (Amiel et al. , 2001 Naumann 2001) . Furthermore the structural organization of the various constituents within the cell wall is reflected in bacterial surface properties. The 'fingerprinting' capabilities of FTIR spectroscopy at the molecular level are associated with numerous advantages -non-destructive technique, rapid technique, requirement of very little sample (Nichols et al. 1985; Schmitt and Flemming 1998; Alvarez-Ordóñez et al. 2011 ) -that enable investigations at the strain level. FTIR data from whole cell bacteria also correlated with modifications in secondary structures Sockalingum et al. 1997) . Furthermore, the combination of FTIR spectroscopy with mathematical and statistical methods has rendered the technique more versatile. The objective of this study was to determine the spectral region differences obtained by FTIR data analysis of rough (R) and smooth (S) colony variants of strain Lactobacillus farciminis CNCM-I-3699 and to compare the reflected structural characteristics.
MATERIALS AND METHODS

Bacterial strains and culture conditions
Lactobacillus isolates were stored in de Man Rogosa Sharpe broth (MRS; AES, Combourg, France) with 30% glycerol at −80
• C. Before analysis, strains were subcultured two consecutive times. The origins, details, culture and growth conditions of the strains investigated in this study are given in Table 1 .
Sample preparation for FTIR spectroscopy
Lactobacillus strains were cultivated in MRS medium at 37
• C for 18 h in aerobic conditions. The bacterial cells were collected by centrifugation at 10 000 g for 10 min at 4 • C from 10 mL culture.
The pellet containing cells was washed two times with sterile 0.9% saline solution. Finally, pellets were suspended in an appropriate volume of 0.9% saline solution (50 μL for an initial optical density of 0.7 at 600 nm). Five microliters of the concentrated bacteria was put on a selenium multiplate and dried for 1 h at 50 • C. To cover variations between sample preparations, for each strain three independent assays were used, whereas for each assay two identical cultures were used. The corresponding spectra were then submitted to a 'quality test' adapted from Helm et al. (1991) . Following this, validated spectra were normalized to one absorbance unit using the amide I band centered between 1650 cm −1 and 1654 cm −1 .
Spectroscopic measurements and statistical analysis
Bacterial spectra were recorded in transmission mode between 4500 and 700 cm -1 using a FTIR spectrometer Tensor 27-HTs-XT (Bruker, Champs sur Marne, France) equipped with a KBr beamsplitter and a DTGS detector. To verify spectra repeatability and reproducibility, statistical methods were employed using OPUS 6.5 software (Bruker). Using the same software, the calculation of the similitude percentage between spectra was done with the method named 'search standard'. This method was used to verify that the similitude between the spectra recorded from the same culture was more than 99%. An average spectrum was calculated for each culture with spectra validated by the 'search standard' method. Similitude between the spectra recorded from independent cultures of three assays was up to 97%. These limits were chosen according to previous FTIR studies on lactic acid bacteria (Amiel et al. 2000 (Amiel et al. , 2001 .
Curve-fitting of FTIR spectra
For the curve-fitting, all triplicates' spectra were averaged to obtain one spectrum per strain and the spectrum closest to the average spectrum was chosen to be the representative spectrum of the strains or phenotypic variants. Curve-fitting was used to quantitatively analyze structural modifications in two spectral regions, 900-1200 cm −1 and 1500-1700 cm −1 , corresponding to polysaccharide and protein absorptions, respectively. The curvefitting procedure used was based on a least-square method using Gaussian and Lorentzian bands Galichet et al. 2001) . This method calculates a theoretical spectrum which best fits the experimental one. The accuracy of the fit is given by the root-mean-square error value (RMS error). The lower the value of RMS error, the better it fits.
RESULTS AND DISCUSSION
FTIR spectroscopic analysis of Lactobacillus farciminis CNCM-I-3699 R and S cells
In order to gain a further understanding of the biochemical and physiological characteristics of both smooth and rough phenotypes of strain L. farciminis CNCM-I-3699, FTIR spectroscopy was employed. The normalized FTIR spectra corresponding to the three culture replicates of both variants R and S of L. farciminis CNCM-I-3699 and L. farciminis DSM 20180 are presented in Fig. 1 . Lactobacillus farciminis DSM 20180 type strain was used to validate our experimental conditions. Visual examination of The spectra were normalized to 1 for the amide I band. The spectra of one independent assay (one culture) correspond to the spectra average of two instrument replicates. Upper box was a magnification of the 1500-700 cm −1 spectral area that showed no significant differences visible to the naked eye between the spectra of the R and S morphotypes from L. farciminis CNCM-I-3699, in contrast to L. farciminis DSM 20180.
these spectra showed marked differences in the biochemical composition of whole cells between L. farciminis DSM 20180 and both variants of L. farciminis CNCM-I-3699. These differences were observed particularly in the complex spectral region at 1500-1200 cm −1 where many types of vibrations are present (CH 2 bending, COO − stretching, PO 2 stretching) and at 1200-900 cm
corresponding to stretching and bending vibrations of COC and COP groups of the polysaccharide region. In contrast, no significant differences were visible to the naked eye between the spectra of the R and S morphotypes from L. farciminis CNCM-I-3699 (Fig. 1) . From the spectra of three independent assays of the strain L. farciminis DSM 20180 and both phenotypes of L. farciminis CNCM-I-3699, hierarchical clustering based on spectral information contained in two different spectral ranges, 1200-900 cm
for the polysaccharide region and 1700-1500 cm −1 for the protein region, was performed resulting in the dendrograms displayed in Figs 2 and 3. A clear discrimination between strains and morphotypes could be observed both in the polysaccharide region ( Fig. 2 ) and in the protein region (Fig. 3) . The dendrogram based on the spectral windows clearly shows that the spectra of clusters were organized into two main groups. The strain L. farciminis DSM 20180 was clearly separated from morphotypes belonging to L. farciminis CNCM-I-3699. Within this 3699 cluster, the spectra are grouped into two well-separated different subgroups for the R and S morphotypes. Discrimination at strain level is better in the polysaccharide region since heterogeneity between spectra of L. farciminis DSM 20180 and the 3699 cluster is 2.25 versus 0.37 for the protein region. To better evaluate and deepen our analysis on the two morphotypes, it was necessary to use a mathematical treatment of spectral data in a quantitative way using the following second derivative, deconvolution and curve fitting.
Comparison of L. farciminis CNCM-I-3699 R and S morphotypes based on deconvolution and curve fitting, ultrastructural and quantitative analysis
The major results obtained after deconvolution and curve-fitting of the average normalized spectra of L. farciminis CNCM-I-3699 R and S morphotypes are discussed and presented separately in Tables 2 and 3 for the carbohydrate absorption region (1200-900 cm −1 ) and for the protein absorption region (1700-1500 cm −1 ), respectively.
Carbohydrate absorption region (1200-900 cm −1 )
Spectroscopic FTIR data showed differences in carbohydrate peaks located in the spectral region around 1200-900 cm
between R and S morphotypes of L. farciminis CNCM-I-3699 (Table 2 ). Significant increases were recorded in favor of the S morphotype compared to the R morphotype at wavenumbers specific to polysaccharides (22.18 vs. 5.24% at 1068 cm −1 , respectively) and capsular polysaccharides (16 vs. 13.17% at 1048 cm −1 , respectively). Among the down-shifted groups of bands in the S morphotype, the 1166 cm −1 may be ascribed to (COP) and (COH) bending modes, and (CC) stretching modes of ester and nucleic acids, while that 1094 cm −1 may be attributed to various (P=O) symmetric stretching bands from different functional phosphate and PO 2 − asymmetric stretching groups of phosphodiester/phospholipids of membrane and to a lesser extent of nucleic acids (Table 2 ). This finding was in accordance with our previous work which has shown that the two morphotypes S and R differ by surface EPS characteristics at the macroscopic level (ropy or non-ropy phenotype, respectively), at the microscopic level and at the biochemical level with a quantitative ratio S/R of 1.5 (Horn et al. 2013; Tareb et al. 2015a) . At the genomic level, complete sequencing (Tareb, Bernardeau and Vernoux 2015b) showed the presence of a plasmid of 35 418 base pairs (1.5% of the whole genome size) only for the S variant (Tareb et al. 2015a; Tareb, Bernardeau and Vernoux 2015b) . It is not present in the R variant, but its chromosomic sequence and corresponding base contents were entirely similar to that of the S variant. In fact this plasmid harbors a capsular polysaccharide locus composed of 14 genes corresponding to 12 373 base pairs. The presence of capsular EPS is presented as shielding off receptor-like adhesins, leading to a reduced capacity for autoaggregation and to an increase of biofilm formation capacity (Tareb et al. 2015a ) and resistance to phage infection (Sørensen et al. 2012) , In lactic acid bacteria, EPS presence is common (Welman and Maddox 2003) and of interest regarding related probiotic effects (Suárez et al. 2008; Bernardeau et al. 2009; Lebeer et al. 2009 ).
Protein absorption region (1700-1500 cm −1 )
Comparison of the deconvolution of the FTIR spectra of the R and S morphotypes of L. farciminis CNCM-I-3699 strains in their protein absorption region showed differences. The differences are presented in the form of values in Table 3 . In the specific spectral region of proteins the R morphotype exhibits, compared to the S morphotype, a 1.27-fold higher signal at the wavenumber of 1637 cm −1 , which is assigned to the β-sheet of amide I (Arrondo et al. 1989; Naumann et al. 1993) , supported by a 2.71-fold higher signal at the wavenumber of 1513 cm −1 , which is assigned to the tyrosine involved in the β-sheet arrangement of proteins (Loksztejn, Dzwolak and Krysiński 2008) . Conversely, the bands at 1552 cm −1 and 1546 cm −1 , assigned to the amide II antiparallel β-sheet, are up-shifted in the S morphotype (Table 3) . The absorption associated with the amide I band leads to stretching vibrations of the C=O bond of the proteins, whereas absorption associated with the amide II band leads primarily to bending vibrations of the N-H bond. Both the C=O and the N-H bonds are involved in the hydrogen bonding that takes place between the different elements of secondary structure, and so the locations of both the amide I and amide II bands are sensitive to the secondary structure content of proteins (Byler and Susi 1986; Surewicz and Mantsch 1988) . In the case of the amide II region (1600-1500 cm −1 ), the components of the band have been weakly described for the proteins of whole bacterial cells. For bacterial proteins, reports from Kleffel et al. (1985) and Nabedryk, Garavito and Breton (1988) have described the amide II structure; according to these authors the band 1513 cm −1 , which corresponds to a shoulder on the amide II, was attributed to the tyrosine C-C ring-stretching vibrations in porin bacteria (Omp) (Kleffel et al. 1985; Nabedryk, Garavito and Breton 1988; Naumann 2001) and the 1530 cm −1 band to amide II of peptidoglycan in bacterial cells (Naumann et al. 1995; Naumann 2001; Ojeda et al. 2008) . The changes in the amide I and amide II region between both morphotypes reflect the conformational differences in surface glycoproteins and the probable relationship with variation in proteins on the cell surface. Generally pleomorphism involves modifications in the expression of cell surface molecules such as fimbria, flagella, outer membrane proteins (Opa and Opc), aggregation protein and the S-layer, which often give rise to change in observable phenotypes (colony morphology) and behavior such as aggregation, adhesion and stress resistance (Henderson, Owen and Nataro 1999; Jakava-Viljanen et al. 2002) . However, nothing is known about conformational structural changes in bacterial cellular proteins in relation to phenotypic variation.
As reported, the R morphotype of L. farciminis CNCM-I-3699 showed no capsular EPS and an increased aggregation ability and adherence to inert surfaces (Tareb et al. 2015a) . It can be assumed this is due to a shift from the α-to β-structure of proteins, which induces a more aggregative phenotype involving only specific cell surface proteins. This assumption is based on the high content of β-structures in adhesins (lectins) (Wright 1997; Sharma, Fu and Singh 1999; Blanchard et al. 2008; Kamne et al. 2008; Budzik et al. 2009; MacKenzie et al. 2009; Du et al. 2011 ). The nuclear magnetic resonance structure of sortase, a transpeptidase that anchors adhesins to the cell with the LPXTG-motif, reveals a unique three-dimensional β-barrel structure which is composed of large beta-sheets (Ilangovan et al. 2001) . Aggregation-promoting factor (APF) is a surface protein already described for Lactobacillus johnsonii and Lactobacillus gasseri. These proteins contribute to the aggregation phenotype of these strains. The amino acid composition, physical properties and genetic organization of APF were found to be quite similar to those of S-layer proteins. Secondary structure prediction for the APF protein (L. gasseri VPI 11759, L. johnsonii ATCC 11506) gave a high content of β-sheet (Ventura et al. 2002) . From the secondary structure data of S-proteins known to date, S-proteins are very rich in β-sheet structure with little α-helical structure (Sleytr et al. 2001; Smit et al. 2001) . This layer is able to alter its secondary structure according to hydrophobicity fluctuations and salt concentration, suggesting that S-layers could be more dynamic (Beveridge 1994) . Furthermore, some authors have demonstrated a relationship between the expression of different S-layer proteins and different colony morphologies found in Campylobacter fetus (Henderson, Owen and Nataro 1999) and Lactobacillus brevis (Jakava-Viljanen et al. 2002) dimorphism. So, the high autoaggregation ability of the R morphotype can be explained by an accessibility to bacterial cell-surface (glyco)proteins rich in β-structures, that could be represented by adhesins, transpeptidase (sortase) and/or surface layer proteins (S-layer/APF).
CONCLUSION
It can be assumed that this FTIR analysis is reflective of the previously described ropy and EPS characteristics of the S morphotype and of the highly autoaggregative properties of the non-ropy R morphotype. As these properties were previously reported to be linked to cell surface molecules and not to soluble factors (Tareb et al. 2013 (Tareb et al. , 2015a , the ability of FTIR to differentiate mainly bacterial surface molecules is also shown here in our experimental conditions. The clear FTIR discrimination between the R and S morphotypes of L. farciminis CNCM-I-3699 can be explained mainly by a direct correlation between the spectral differences and the surface-related structural disparities observed between rough and smooth colony variants. So, the area of use for FTIR can be extended, since in addition to its good ability to identify and differentiate micro-organisms at the genus, species and strain level (Ngo Thi and Naumann 2007), the present work suggests its relevance and accuracy to give specific data at the variant level as previously reported (Becker et al. 2006) . Furthermore, for the first time, a close link was found between genomic differences described for the two variants, and structural speculations deduced from the detailed FTIR analysis done in the present work.
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